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Abstrat. An emission band in the infrared is shown to be assoiated with a
transition within the negative nitrogen-vaany enter in diamond. The band
has a zero-phonon line at 1046 nm, and uniaxial stress and magneti eld
measurements indiate that the emission is assoiated with a transition between
1E and 1A1 singlet levels. Inter-system rossing to these singlets auses the
spin polarisation that makes the NV
−
entre attrative for quantum information
proessing, and the infrared emission band provides a new avenue for using the
entre in suh appliations.
PACS numbers: 42.50.Ex, 42.62.Fi, 61.72.jn, 71.70.Ej, 71.70.Fk, 78.30.-j
Keywords : infrared emission, eletroni struture, nitrogen-vaany 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1. Introdution
The eletroni struture of the negative nitrogen vaany (NV
−
) enter in diamond
gives it properties that are attrative for aspets of quantum information appliations
[1, 2, 3, 4, 5, 6, 7, 8℄. One of the attrative features is the phenomenon of optially
indued spin polarization of the S = 1 ground state [9, 10, 11℄. It has been proposed
that the polarization arises due to inter-system rossing from the exited triplet state
to singlet levels, and deay bak to the ground state with an overall hange of spin.
This proess was thought to be non-radiative due to the emission intensity dependene
on the level of spin polarisation [12℄, and there was no diret knowledge of the singlets
involved. However, in this work infrared emission from the NV
−
entre is reported
and shown to be assoiated with the singlet levels. Spetral analysis of this emission
has provided information about the polarising deay path and the eletroni struture
of the NV entre.
2. Observations
2.1. Emission spetrum
Two syntheti 1b diamond samples of dierent defet onentrations were used. Both
were 2 mm ubes that had been irradiated and annealed to produe NV
−
enters with
onentrations of about 3 × 1018 m−3 (high onentration) and about 1017 m−3
(low onentration). Eah of the samples had 〈110〉, 〈110〉 and 〈100〉 faes. The
samples were exited with a 532 nm laser at 100 mW and the emission at right angles
was dispersed by a monohromator and deteted on an ADC model 403L ooled
germanium photodetetor. A weak infrared emission band with a zero-phonon line
(ZPL) at 1046 nm was observed, and the spetrum is shown in Figures 1 and 2.
The harateristi NV
−
emission has a higher energy ZPL at 637 nm and vibrational
sidebands that extend beyond 1000 nm, the extreme low energy tail of whih reate
the intensity baseline in Figure 1. Throughout this paper the emission from the 637
nm transition is referred to as visible in order to dierentiate it from the infrared
emission band.
At room temperature the infrared ZPL at 1046 nm was learly disernible
aompanied by a vibrational band, and at low temperature the features were learer
and dominated by the zero-phonon line. The linewidth was measured to be 0.3 nm
(0.3 meV) in the lower onentrated sample, but was broadened signiantly to 4 nm
in the higher onentration sample. The vibrational sideband had similar integrated
area to the ZPL (S-oeient ≈ 1) and was omprised of peaks shifted by 42.6 meV
(344 m
−1
), 133 meV (1070 m
−1
) and 221 meV (1780 m
−1
) from the ZPL.
2.2. Magneti eld measurements
The intensity of both infrared and visible emission bands was found to vary with
low magneti elds, and the variation for the low onentration sample is shown in
Figure 3 for elds between 0 and 1500 Gauss. The measurements were made at room
temperature, again involving 100 mW laser exitation at 532 nm. The visible emission
transmitted by a long pass lter at 615 nm was deteted by a Si detetor, and the
weakness of the infrared emission meant that this signal was ompletely dominated
by the
3A2 ↔
3E transition. The infrared signal was olleted through a 1040 nm
long pass lter and deteted on an InGaAs detetor. In this ase the infrared band
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Figure 1. Infrared emission band at (a) room and (b) liquid helium temperatures
for the high onentration sample with an NV
−
enter onentration of 3 ×
1018 m−3. Trae (b) from the ryogeni measurement has been divided by a
fator of 5 on this graph in order to ompensate for the enhaned ZPL intensity.
The vibroni tail of the harateristi NV
−
visible emission is apparent under the
infrared band.
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Figure 2. Infrared emission band for low onentration (1017 m−3) sample
at liquid helium temperature. The spetrum was measured with and without
an approximately 600 G magneti eld applied, and the intensity with the eld
was 122% of the intensity with no external eld. The sharp feature at 1064 nm
ommon to both traes was due to some satter from the 532 nm laser.
dominated, although a small ontribution (10 - 15%) remained from the vibroni tail of
the
3A2 ↔
3E transition. Spetrally isolating the emission bands gave a more reliable
measure of the hange in emission magnitude with magneti eld, and this is shown
in Figures 2 and 4.
High eld Zeeman measurements of the 1046 nm line were also undertaken. These
were made for the low onentration sample ooled to 4.2 K where the linewidth was
0.3 nm. The sample was mounted within the ore of a super-onduting Helmholtz
oil, and the magneti eld and 532 nm laser were direted along the 〈110〉 diretion.
The infrared emission was deteted at right angles along the 〈100〉 diretion, and the
ZPL spetrum for a 5 T eld is shown in Figure 5. No Zeeman shift or splitting was
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Figure 3. Emission intensity for varying external magneti eld. The eld
was aligned to a 〈111〉 rystal axis to within 0.025◦. The magneti eld spetra
are shown on the same sale, however the infrared intensity was many orders of
magnitude weaker than that of the visible.
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Figure 4. Change in the visible emission intensity due to presene of an
approximately 600 G external magneti eld. Aross the entire band, the intensity
with the eld was 87.7% of the intensity with no magneti eld.
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Figure 5. Infrared ZPL for 5 T magneti eld and zero eld for sample at 4.2 K.
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Figure 6. Visible (a) and infrared (b) emission for a 700 ns, 1700 ns pulse pair.
Measured with and without a magneti eld of approximately 600 Gauss applied.
observed, although there was a small hange in intensity onsistent with the room
temperature measurements.
2.3. Transient response
The time dependene of the infrared and visible emission was investigated for high
intensity exitation pulses. Measurements were made with the sample at room
temperature being exited by a foused 532 nm laser gated by an aousto-opti
modulator. The emission was deteted using long pass lters at 615 nm and 1000
nm for the visible and infrared, respetively, and to ensure onsisteny between
measurements an InGaAs detetor was used in both ases. The pulse sequene
onsisted of exitation for 700 ns, followed by a dark delay of 500 ns, and then a
slightly longer seond pulse of 1700 ns. The measurements were repeated with an
approximately 600 Gauss eld applied to the sample in a random diretion. The
responses are shown in Figure 6.
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Figure 7. (a) Emission spetra for approximately 0.3 GPa stress applied along
the 〈110〉 diretion, measured along the 〈110〉 diretion with polarization parallel
(pi) and perpendiular (σ) to stress. The zero stress ZPL is shown in grey for
referene. (b) Theoretial patterns for an A ↔ E transition at a site of C3v
symmetry, showing the predited relative intensities of eah line. The splittings
are related to the stress oeients of [15℄ by ∆E
i
= A1 + A2 + C − B;
∆E
f
= A1 + A2 − C + B; ∆E
h
= A1 − A2 + C + B; ∆Eg = A1 − A2 − C − B.
Values for these oeients were obtained from the measured splitting of the
infrared ZPL and are given in Table 1.
2.4. Uniaxial stress
The tehniques of uniaxial stress spetrosopy [13, 14, 15℄ were used here to study
the zero phonon line at 1046 nm. The low onentration 2 mm ubi sample was held
at a temperature of 4.2 K while being ompressed by a piston to pressures up to 0.7
GPa. Exitation was at 532 nm in the vibroni band of the
3A2 ↔
3E transition with
polarization parallel to the stress. The emission at right angles was deteted with the
polarization in the pi (parallel to axis of stress) and σ (perpendiular to axis of stress)
diretions. Spetra of the 1046 nm zero phonon line were reorded for stresses along
the 〈110〉 and 〈100〉 axes, and these are shown in Figures 7 and 8. Three distint lines
were observed in the spetrum taken for the 〈110〉 stress (although the lowest energy
line ould be two overlapping lines), and two for the 〈100〉 stress. The splitting of the
637 nm ZPL was measured, but only used to alibrate the stress and so is not shown
here.
For stress along 〈100〉, measurements were repeated at 43 K, and the results are
inluded in Figure 8. The gure shows that there was no thermal variation in the
emission spetra over this temperature range.
3. Disussion
3.1. Energy sheme for C3v
The low lying eletroni states of the NV enter have been onsidered in previous
publiations [12, 16℄. The levels an be obtained by onsidering the one eletron
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Figure 8. (a) Emission spetra for approximately 0.70 GPa stress along
〈100〉, measured along the 〈110〉 diretion with polarization parallel (pi) and
perpendiular (σ) to stress. The zero stress ZPL is shown in grey for referene. (b)
Theoretial patterns predited for an A↔ E transition at a site of C3v symmetry,
where the splittings are related to the stress oeients of [15℄ by ∆E
b
= A1+2B
and ∆E
a
= A1 − 2B.
states at the vaany site adjaent to the nitrogen. In the notation for C3v point
group symmetry there are two one-eletron orbits transforming as an A1 irreduible
representation (a1, a
′
1) and one transforming as an E irreduible representation (e),
and their energies are onsidered to be in that order [17℄. In the ase of the NV
−
enter
there are six eletrons oupying these orbits and the lowest energy onguration is
a21a
′2
1 e
2
. This onguration gives rise to
3A2,
1A1, and
1E states, whereas there is a
higher energy exited triplet
3E and singlet 1E assoiated with an a21a
′
1e
3
onguration.
The low lying states are, therefore, as shown in blak in Figure 9.
The ground state is the
3A2 and the harateristi strong optial transition at
637 nm is from this ground state to the
3E exited state. There is ne struture
assoiated with both of the triplet levels. In the ground state the spin levels are split
by spin-spin interation into a non-degenerateMs = 0 level and a degenerateMs = ±1
level. The exited state is split by diagonal spin-orbit interation λLzSz into three
equally spaed doubly degenerate levels and there are small displaements from the
non-diagonal spin-orbit interation, λ (L+S− + L−S+) [12℄. What is more important
for this work is the eet of spin-orbit interation between the triplet and singlet
levels. The interation auses mixing of states transforming as the same irreduible
representation, and states mixed in this way are indiated by urved arrows in Figure
9. The mixing an enable radiative or non-radiative transfer between the triplet and
singlet levels, and alulation indiates that in the ase of the exited
3E state the
transfer will be predominantly out ofMs = ±1 levels. This is signiant as it provides
an alternative deay path to the visible emission. As a onsequene the visible emission
assoiated with Ms = ±1 spins is weaker than that for Ms = 0.
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Figure 9. The energy levels expeted from onsideration of the one-eletron
states for the six NV
−
eletrons in C3v symmetry are shown in blak (rst
and fourth olumns). Diagonal spin-orbit terms split the
3E level as shown in
the seond olumn, and spin-spin interations give rise to the splittings in the
third olumn. Straight arrows indiate optial transitions, and the dashed lines
illustrate weakly allowed transitions that prevent perfet spin polarisation. The
urved lines show symmetry-allowed inter-system rossing transitions, and the
wavy line shows suspeted vibroni deay between the singlets. The states are
labeled on the left and the symmetry transformation properties of the spin-orbit
wavefuntions are given on the right.
3.2. Magneti eld
Optial exitation auses preferential population of the Ms = 0 spin projetion and
the visible emission assoiated with this spin is stronger than that forMs = ±1. Thus,
as population is transferred to the Ms = 0 spin state the visible emission inreases
in intensity and, onversely, if the spin polarization is redued the emission intensity
will diminish. A stati magneti eld mixes the ground state spin levels and inhibits
population transfer to Ms = 0, reduing the spin polarisation. Varying the eld
strength alters the amount of mixing between levels whih hanges the intensity of
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emission, and this eet is partiularly notieable for an axial eld of 1028 Gauss.
At this eld value there is a omplete mixing of Ms = −1 and Ms = 0 states.
The population will be equally distributed between the two spins whereas it will be
almost entirely in Ms = 0 at adjaent magneti eld values. Thus an axially aligned
magneti eld swept through 1028 Gauss auses a marked redution in population and
notieable drop in the visible emission intensity as seen in trae (a) of Figure 3. With
the redution of spin polarisation there is an inrease in the Ms = −1 population,
whih inreases the transfer rate to the singlet levels and should inrease the emission
intensity from any optial transitions within the alternative deay path. Exatly suh
a rise is observed in the infrared emission at 1028 Gauss.
All the other intensity variation of the visible emission in Figure 3 an be similarly
explained by variation in the spin polarization of the NV
−
entre. For example, at
the speial ases of axial elds at 514 Gauss and 660 Gauss there is ross relaxation
between the NV
−
entre aligned with the eld and other spin systems in the rystal
(single substitutional nitrogen defets and non-aligned NV
−
entres, respetively)
[18, 19℄. These other spin systems are not spin polarised and the ross relaxation
will hene redue the polarisation of the NV
−
entre, ausing the visible emission to
diminish.
It is immediately apparent from Figure 3 that the infrared emission ontains
the same features, and two onlusions an be drawn. Firstly, the omplete (anti-)
orrelation of this intensity with that of the visible emission (whih varies due to NV
−
spin polarisation) proves the new emission band is assoiated with the NV
−
entre.
Seondly, the fat that it is anti-orrelated shows the infrared emission is assoiated
with the population involved in the inter-system rossing.
High magneti elds were experimentally found not to split the infrared zero-
phonon line. Although this rules out the possibility of the emission arising from
ertain transitions, subtleties mean that it does not onlusively identify the orret
transition. A triplet-triplet annot immediately be eliminated, as it is already known
that the
3A2 ↔
3E (637 nm) zero-phonon line is not split by a magneti eld [10, 20℄.
The individual levels of the triplets are split, but the optial transitions are between
levels of like spin and so they remain degenerate, as shown in Figure 10. The same
ould our for the infrared, but this option an be dismissed as there are no other
triplet levels in the NV
−
system. Unlike triplet levels, spin-singlets are not split by
a magneti eld, and thus Zeeman splitting of the ZPL would be expeted in general
for a triplet-singlet transition. A subtlety here is that no splitting would be observed
if the transition were restrited to a partiular spin level of the triplet state, as is
indiated in Figure 10 for the transition that feeds bak to the ground state. However
this diagram is aurate for an axially aligned eld only, and the four dierent NV
−
orientations in a bulk diamond sample makes it impossible to ahieve total alignment.
Mixing between spin levels in misaligned entres would lead to observable splitting.
To rst order, no splitting would our for a singlet-singlet transition. It is
possible for orbitally degenerate states to separate and give rise to some spetral
broadening or splitting, but this an be expeted to be too small to result in a
measurable splitting (as it is for the
3A2 ↔
3E transition). The experimental result
in Figure 5 is most onsistent with the infrared emission arising from the
1E ↔ 1A1
singlet-singlet transition.
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Figure 10. Theoretial energy levels for a high (axial) magneti eld situation
are shown in the third olumn. The rst two olumns ontain the spin-orbit levels
that are shown in detail in Figure 9. Straight arrows indiate optial transitions,
urved lines show symmetry-allowed inter-system rossing transitions, and the
wavy line shows suspeted vibroni deay between the singlets. The wavefuntions
in the presene of a large eld are given on the right.
3.3. Transients
The response of the visible emission to intense exitation pulses has been interpreted
previously [12℄. Initially the NV
−
entres are evenly distributed between the three
spin projetions and they are exited equally. With exitation, the spin-seletive inter-
system rossing preferentially populates the Ms = 0 level and auses spin polarisation
as has already been disussed. This inrease in spin polarisation typially inreases the
visible emission intensity, however for intense exitation (as used here) an equilibrium
population is built up in a long-lived (300 ns) storage state in the singlet system.
This dereases the population that ontributes to the visible emission, ausing the
drop in visible emission ourring over the rst few hundred ns that is prominent in
Figure 6. At the start of the seond pulse the population is still spin polarised and so
the inter-system rossing is slightly slower. This is observed as a redution in the rate
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that the emission drops to its equilibrium intensity (ie the storage singlet builds up
an equilibrium population). The peak at the beginning of the seond pulse is lower
than that of the rst, as some population remains in the storage level after the 500 ns
delay and some population is lost through photoionization [21℄.
The situation is hanged by a weak magneti eld, whih auses a mixing of the
ground state spin levels and prevents spin polarisation. As a result, more population
takes the alternative deay path through the singlet levels and a larger equilibrium
population is maintained in the storage state. Thus the visible emission intensity is
lower than it was without the magneti eld. Sine the dierene between the rst
and seond pulses was explained by residual spin polarisation, both pulses should be
idential in the ase of a magneti eld. In the experiment, the observed dierene
that does our between pulses is due to imperfet quenhing of spin polarisation and
also to photoionization [21℄.
Comparing the infrared and visible responses to exitation pulses in Figure 6, it
is immediately obvious that there is muh similarity. The major dierene is that the
magneti eld inreases the infrared intensity whereas it dereases the visible, whih
is onsistent with the magneti eld spetra disussed above. However, the drop in
infrared emission intensity within the rst few hundred nanoseonds of eah pulse
(similar to that obtained in the visible) indiates that the emitting level is not the
storage level. This onrms that the infrared band is emitted from the
1E → 1A1
singlet-singlet transition, and suggests that the lower singlet state is the 300 ns storage
level. Suh a onlusion is plausible, as the upper singlet ould lie lose to the exited
triplet state to enable eient inter-system rossing and the lower singlet ould then
be several hundred meV (1000s of m
−1
) above the ground state with muh slower
inter-system rossing. Attempts were made to re-pump the singlet-singlet transition
by exiting in the infrared to onrm this analysis, but they have not been suessful.
We were, therefore, not able to establish where the singlet levels lie in relation to the
triplet levels.
The responses in Figure 6 provide additional lifetime information. The rates
of emission deay from the initial intensity for eah exitation pulse are similar for
the visible and infrared, indiating similar dynamis. The exited state lifetime for
the visible emission is known to be about 12 ns [22, 23℄, and the signal ontrast
ratio between spin polarised and unpolarised (as an be seen in Figures 2 and 4)
indiates that population from the exited triplet rosses to the singlet system at
a similar rate. Thus the population must not spend extra little time in the upper
singlet level before giving the infrared emission. However, a singlet-singlet transition
is unlikely to appreiably stronger than an allowed triplet-triplet transition and the
most likely explanation for this short lifetime is that there is also ompeting non-
radiative deay between the singlet levels as indiated by the wavy line in Figures 9
and 10. Signiant non-radiative deay would aount for both the short lifetime and
the weakness of the emission. This may be a general phenomenon for transitions in
the infrared as there are few reports of diamond emitting at these wavelengths [24℄.
Suh an inreased ontribution of non-radiative deay at low-energy transitions in
diamond an be attributed to the strong eletron phonon oupling and high vibrational
frequenies.
In summary, the following physial desription is onsistent with the data. There
is an almost 50% branhing of the population from the
3E to the singlets, and the
upper singlet has a short lifetime (< 1 ns) mainly due to non-radiative deay. The
lower singlet level has a longer lifetime (≈ 300 ns) identied previously [12℄.
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Table 1. Stress oeients for the visible and infrared transitions. The values
for the visible are from [25℄, with the signs of B and C adjusted to reet the
onvention in [26℄ adopted here.
Visible Infrared
(×10−12 eV Pa−1) (×10−12 eV Pa−1)
A1 1.47 0.53
A2 −3.85 −1.44
B −1.04 −0.51
C −1.69 −0.58
3.4. Uniaxial stress measurements
The splitting of the zero phonon line with uniaxial stress an be used to determine
the symmetry of the states involved in optial transitions. A study of this type was
undertaken by [25℄ and they showed the 637 nm zero-phonon line to be assoiated
with an A ↔ E transition at a site of trigonal symmetry. In the present work this
A ↔ E transition was exited, but energy transferred within the NV− system gives
rise to the infrared transition whih was investigated.
For stress applied along a 〈110〉 diretion, two pairs of NV entres have equivalent
orientations and both pairs are exited. In all ases there is a omponent of strain
perpendiular to the NV
−
axis and for an A↔ E transition a maximum of four lines
is therefore predited [25, 26℄. This is onsistent with the experimental observation
shown in Figure 7, and the polarization pattern for an A↔ E transition shown below
the experimental traes is also in plausible orrespondene. Some deviation of the
polarisation pattern is likely to be due to loss of polarization from satter from the
rystal faes, as they were not optially polished.
Parameters for the stress splitting of an A↔ E transition in trigonal symmetry
were introdued by [15℄, and their values for the present transition were alulated
from the energy splittings of the four lines in Figure 7 and are given in Table 1.
They are of the order of a fator 2.5 smaller than those for the 637 nm zero phonon
line determined for by [25℄. The small values for the strain parameters and the
small value for the inhomogeneous linewidth are onsistent with a transition suh
as
1E(a21a
′2
1 e
2) ↔ 1A1(a
2
1a
′2
1 e
2), whih involves a spin hange but no hange of orbit
between initial and nal state.
For a stress along the 〈100〉 diretion all four NV− orientations are at the same
angle to the stress and the exitation polarisation. Eah orientation is thus equally
exited, and for an E → A transition the omponent of strain perpendiular to the
NV
−
axes would lift the degeneray of the exited E state. The splitting would be the
same for all orientations, and so produe two lines. The spetra for 〈100〉 stress shown
in Figure 8 is onsistent with this desription, and there is plausible orrespondene
with the expeted polarization pattern shown below the experimental traes.
Sine the spin polarisation is to the Ms = 0 level of the ground state, and this
spin level transforms with A1 symmetry as indiated in Figure 9, the
1A1 state should
be the lower of the singlet states [12℄. With the
1E as the upper level, the Boltzmann
population distribution of the split omponents might be expeted to hange with
temperature. This would ause a hange in the relative intensities of the lines in the
spetrum, but no suh hange was observed between a temperature of 4.2 and 43
K (Figure 8). In Setion 3.3 it was argued that the lifetime of this upper singlet is
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very short, and it is possible that there is insuient time to establish a Boltzmann
distribution.
4. Conlusion
An emission band has been observed in the infrared, with a zero phonon line at
1046 nm. Measurements have established that this infrared emission is assoiated
with the NV
−
defet entre, whih has previously been investigated through its well
doumented visible transition at 637nm. From theoretial onsiderations, magneti
eld and uniaxial stress measurements the infrared emission is attributed to a
1A1 ↔
1E transition where these singlet levels lie between the ground and exited
state triplets. Although the results presented here are onsistent with the
1E being
the higher of the singlets, the order of the levels has not been onlusively established.
Some ontention over the order of these singlet levels already exists due to previous
numerial alulations [27, 28℄.
There are some further puzzling features about the infrared emission that remain
unresolved. The doumented energies of the vibrational sidebands assoiated with
the visible transition (66 and 140 meV [29℄) are not mathed by the infrared sideband
energies (42.6, 133 and 221 meV). The rst of these is very small and the last is large,
well outside the range of single phonons in diamond. The origin of these frequenies is
unlear but the small eletron-phonon oupling, as well as the small stress parameters
and inhomogeneous line width, are onsistent with theoretial models of a transition
involving only a spin reorientation. Another strange aspet is the weakness of the
infrared emission. The inter-system rossing branhing ratio is as high as 50% for
the Ms = ±1 spin state but yet the infrared emission is orders of magnitude weaker
than that of the visible emission. The explanation that has been advaned is that
there is also very signiant non-radiative deay for the same transition. Related to
this is that with emission arising almost exlusively from Ms = ±1 spins then it is
surprising that it only drops 15% with spin polarization. It suggests that the level of
spin polarization attained in our the samples was very small.
Despite these issues, the observation of the singlet to singlet transitions adds
signiantly to our understanding of the eletroni struture of the NV entre. It
provides a new avenue whereby the entre, and in partiular the proess of spin
polarisation, an be studied and used for quantum information proessing appliations.
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